Abstract The present work investigates the ionic conductivity as well as its transport properties of carboxymethyl cellulose-NH 4 Br plasticized with various weight percentage of glycerol for solid biopolymer electrolytes (SBEs) prepared by solution-casting technique. It was shown from the FTIR analysis that the complexation transpires at C=O and C-O − from COO − of CMC upon the addition of glycerol into the SBEs system. The highest room temperature ionic conductivity of~10 −3 S cm −1 was achieved at 6 wt.% of glycerol owing to the broadening in the amorphous state as demonstrated in the XRD analysis. The conductivity-temperature plots were found to be in good agreement with the conventional Arrhenius relationship. It was further shown that the conducting element is mainly due to the protonation of H + where ionic mobility and diffusion coefficient was found to contribute towards the enhancement in the ionic conductivity of SBEs system.
Introduction
The utilization of polymer as electrolytes in proton rechargeable batteries has gained due attention in recent years [1] . This is primarily due to its desirable properties, i.e., high-energy density among others. Since Wright [2] and Armand [3] discovered in ionic conductivity for polymer electrolytes (PE), PEs has been extensively studied as conducting materials with different types of polymer materials. Compared to other electrolytes, PEs have a very limited of leakage problem or pressure distortion [3] [4] [5] [6] which is the most important behavior to use in electrolytes system.
Carboxymethyl cellulose (CMC) has been chosen as a biopolymer hosts due to their desirable properties, i.e., ecofriendly and economical [7] [8] [9] [10] . CMC is one type of cellulose derivative that has been widely used in a variety of application such as pharmaceutical, food, textile, and also electrochemical studies [11] [12] [13] . Studies have shown that the conductivity increases as the salt composition increase in CMC-based polymer electrolyte systems [14] [15] [16] . Nonetheless, high salt conductivity is unattainable at ambient temperatures with the pristine CMC matrix. Low ionic conductivity at ambient temperature limits their applications. In polymer electrolytes system, the dynamics of polymer chains is critical for the ions transportation. Therefore, the knowledge on how the ions are coupled with the chain dynamics of the multiphase complex structures of the PEs and the modification in these structures with the preparation methods for the improvement of ionic conductivity is of great interest [17] [18] [19] .
A common approach to enhance the ionic conductivity is to add lower in molecular weight of plasticizers into the PEs systems [20] [21] [22] [23] . The plasticizers impart salt-solvating power and high ion mobility to the polymer electrolytes. It has been reported that plasticizers will alter the texture of polymer for flexibility since they can enter and increase the distance of molecules and decrease the polar groups in the polymer chain [24] [25] [26] . There are plenty of commercially available plasticizers that have been to improve ionic conductivity of PEs such as ethylene carbonate (EC) [27] , propylene carbonate (PC) [28] , polyethylene glycol (PEG) [29] , and glycerol [30] . Plasticizer could also improve the amorphousness content of the polymer matrix as well as the dissociation of ion which contributes towards the enhancement of ionic conductivity.
In this work, the efficacy of glycerol as a plasticizer to improve ionic conductivity is investigated. Glycerol, in which its structure is shown in Fig. 1 , is a form of hydrogen bond [31] that is commonly used in regenerated cellulose as a plasticizer to provide flexibility, pliability, and toughness in surface coatings and paints [32] . Furthermore, it has been reported that the addition of glycerol to the electrolyte can improve the cation mobility, increasing in the degree of salt dissociation and the number of charge carrier of ions in order to increase the ionic conductivity [33] .
Therefore, the present work aims at enhancing the ionic conductivity of carboxymethyl cellulose-NH 4 Br through the addition of glycerol that can be applied as a proton conducting in solid biopolymer electrolytes (SBEs). The prepared SBEs have been characterized by means of Fourier transform infrared (FTIR), X-ray diffraction (XRD), and electrical impedance spectroscopy (EIS). The results obtained from this study were used to correlate the structural properties and ionic conductivity of CMC-NH 4 Br plasticized with glycerol SBEs system. The present study also provides considerable insight into the potential of glycerol on its ability as an effective plasticizer.
Experimental method Sample preparation
Carboxymethyl cellulose (Acros Organic Co.) was dissolved in 100 ml distilled water. Then, 25 wt.% NH 4 Br was added into CMC solution, and the mixture was stirred continuously until complete dissolution of the ammonium salts is attained [35] . The amount of glycerol is varied in weight percent interval of two (as shown in Table 1 ) and was added into the CMC-NH 4 Br solution. The mixtures were then cast into several Petri dishes and left to dry at room temperature prior to its transfer to desiccators for further drying. The thickness value listed in Table 1 is used to compute the ionic conductivity of the new mixtures.
Sample characterization

Fourier transform infrared spectroscopy
The complexation of CMC SBEs system was characterized using infrared spectra and was recorded using Perkin Elmer Spectrum 100 with wavenumber in the range of 4000-700 cm −1 with a resolution of 4 cm
.
X-ray diffraction
XRD patterns of CMC SBEs system were obtained by using Rigaku MiniFlex II Diffractometer. The samples were cut into an appropriate size and then adhered onto a sample slide. The samples were directly scanned at 2θ angles between 5°and 80°u sing C u K α radiation. In deconvolution technique, Origin Lab 9.0 software was used to interpret data. The degree of crystallinity, χc, can be calculated via the following formula:
Where A c is the area under the peaks with total crystalline region while A a is the total area of the amorphous region.
Electrical impedance spectroscopy
The prepared samples were characterized by using HIOKI 3532-50 LCR Hi-Tester in the frequency range of 50 Hz to 1 MHz. The sample with suitable size was sandwiched between two stainless steel blocking electrodes with 1 x π cm 2 of surface area. The ionic conductivity, σ was determined from Eq. (2), where, d is the thickness and A (cm 2 ) is the electrodeelectrolyte contact area of SBE films.
FTIR deconvolution
The FTIR deconvolution was carried out using GaussianLorentz function adapted to the Origin Lab 9.0 software. The FTIR peaks are due to the dominant ionic movement were selected, and the sum of the intensity of all the deconvoluted peaks was ensured to fit the original spectrum. The area under the peaks was determined, and the free ions (%) were calculated using the equation:
Here, A f is the area under the peak representing the free ions region, and A c is the total area under the peak representing the contact ions. The number (η), mobility (μ), and diffusion coefficient (D) of the mobile ions were calculated using:
M is the number moles of glycerol used in the present work, N A is Avogadro's number, and V total is the total volume of SBE film, e is the electric charge, k is the Boltzmann constant, and T is the absolute temperature in Kelvin.
Results and discussion FTIR analysis , respectively. The highlighted region as illustrated in Fig. 2 was selected due to the significant interaction between CMC and NH 4 Br as reported from our previous study [36] . Based on Fig. 2 (a) , it can be seen that there are slight changes of intensity at the 1598 cm −1 peak with the addition of glycerol. This peak corresponds to C=O of carboxyl anion group (COO − ) in CMC [37] [38] [39] and decreases with intensity, suggesting that complexation has occurred in the system. Figure 2b , on the other hand, depicts the region where it is believed that the interaction of C-O − of carboxylate anion group in CMC with H + moieties from NH 4 Br has taken place. It could be observed that upon the addition of glycerol, the peak at 1066 cm −1 due to C-O − band was significantly shifted to the lower wavenumber to 1050 cm −1 and disappeared with high composition of glycerol. This change may be attributable to the interaction between H + in NH 4 Br and C-O − band in CMC. All changes in wavenumber of COO in CMC − are tabulated in Table 2 .
A similar observation to the carboxyl group (C=O) is also depicted in Fig. 2a . The addition of glycerol demonstrates . Due to its high dielectric constant [40] , glycerol plays a significant role in dissociating more ammonium salt to form ions (H + ), which in turn increases the stored charge in the present electrolytes system [41, 42] . Furthermore, this phenomenon may be attributed owing to the effect of glycerol in reducing the distance for protonation towards C-O − . The negative charge on the oxygen atom at C-O − band allows for its interaction with H + as can be observed from shifting and disappearance of peak beyond the addition of 4 wt.% glycerol, suggesting that the protonation of H + with CMC take place in the present system [43] [44] [45] . Figure 3 illustrates the XRD spectra for the various compositions of CMC-NH 4 Br-glycerol SBEs system investigated at room temperature. The decrease in intensity and broadness spectra indicates the amorphous nature of polymer electrolyte films with some localized ordering of the complex system [46] . It could be seen that the addition of glycerol to the CMC-NH 4 Br system affects the flexibility of the CMC backbone towards amorphous phase.
XRD analysis
According to Pandey et al. [47] , introducing a plasticizer in polymer-salt complexes is one of the most successful approaches in increasing amorphous nature. In the present work, it could be clearly seen that the peak intensity increases with the addition of 4 wt.% glycerol suggesting that the NH 4 Br was entrapped between the pathways for ions migration [48] . This would, in turn, lead to the decrease of ionic conductivity expected in the examined system. Nonetheless, it is noticeable that the intensity decreases upon the addition of 6 wt.% glycerol. The changes of peak intensity in the XRD spectra implies that complexation transpires [49] continuously between CMC and NH 4 Br with the introduction of glycerol. This further supports the enhancement in protonation as observed in FTIR analysis since the pathway between COO − of CMC and H + of NH 4 Br is eased in the amorphous state, resulting in the improvement of the ionic conductivity.
The XRD deconvolution shown in Fig. 4 could provide further insight into the amorphous nature of SBEs. Based on the area of the total crystalline region and area of the total amorphous region, the percentage of crystallinity for SBEs system was calculated and shown in Fig. 5 .
Based on Fig. 5 , it can be observed that percentage of crystallinity decreases from sample G0 to sample G2 and increases upon the addition of 4 wt.% glycerol. This is believed to be caused by the ions entrapped for sample G4, in which at this particular plasticizer composition, further dissociation of more ions could not transpire, therefore decreasing the amorphousness of CMC-NH 4 Br-glycerol. It is also apparent from the figure that lowest percentage of crystallinity was observed for sample G6 and it is expected that this sample with 6 wt.% glycerol will achieve the highest ionic conductivity of the SBEs system.
Ionic conductivity analysis
Based on Fig. 6 , it is evident that the Cole-Cole plot for SBEs system consists of only tilted spikes. The disappearance of semicircle at high-frequency region suggests the dominating effect of the resistive element of the biopolymer [50] . In addition, the tilted spike is attributed to the influence of electrode polarization, i.e., characteristic of the diffusion process [51] . Moreover, it also indicates that the current carriers are ions and the total conductivity is mainly the result of ion conduction. It appears that due to the un-homogeneous nature of the electrode-biopolymer electrolytes interface, the tilted spikes are inclined at an angle lesser (θ < 90°) with respect to the real axis, Z r [52] .
As the spike in this present work did not begin at the origin, the equivalent circuit is implied to consist of a resistor and constant phase element (CPE) in series connection as shown in Fig. 7 . The equivalent circuit represented in this study is in accordance with other research works [53, 54] . By using the equivalent circuit arrangement, the impedance data was analyzed by overlaying the theoretical simulation fit of the dispersion data. As shown in Fig. 6 , the impedance of the expected equivalent circuit fits the experimental impedance data very well. CPE can be assumed as a leaky capacitor, to compensate for inhomogeneity in the present SBEs sample [55, 56] . The equivalent impedance of CPE, Z CPE for SBEs system can be expressed as [57] :
where C is the capacitance of CPE, ω is angular frequency (ω = 1/f; f is frequency in Hz), the parameter i is ffiffiffiffiffi ffi −1 p and p is related to the deviation of the plot from the axis which is in radian. The values of Z r and Z i associated to the equivalent circuit can be expressed as:
Cω p ð8Þ
Zi ¼ sin πp 2 Table 3 lists the value of the circuit elements of the SBEs sample. Since the spike in the present system is inclined lesser than 90°, and the value of p lies 0 < p < 1, therefore it could be inferred that the samples possess both resistive and capacitive behavior [53] . Based on Table 4 , it is noticeable that the present system becomes more capacitive than resistive as glycerol increases until the optimum value for sample G6 is achieved. The value of capacitance obtained from theoretical simulation in this present work is comparable with the results as reported in the literature [58, 59] . The increase in capacitance value with the increment of glycerol implies that the SBEs system is suitable for the application in electrochemical devices [52, 60] . The increase in capacitance values with the increasing plasticizer may be interpreted through the following equation:
Cω p ð9Þ
where ε o is vacuum permittivity. Work done by other researchers demonstrated that the value of the dielectric constant, ε r of a polymer electrolyte increases with increasing of plasticizer in polymer-salts complexes until the optimum value is achieved, which in turn, increases the capacitance value [61] [62] [63] . Figure 8 depicts the ionic conductivity plot for the CMC-NH 4 Br-glycerol system, and it could be divided into two distinct regions. It is apparent that based on region (i), the ionic conductivity is decreased upon the addition of 4 wt.% glycerol to CMC-NH 4 Br SBEs system. The decreasing of the ionic conductivity of this composition may due to the insufficient energy barrier assisted from glycerol for ions (H + ) to disengage from NH 4 + of NH 4 Br. This may also be due to the delaying of ions pathway in order to migrate towards biopolymer backbone, thus the reduction in ionic conductivity as supported by the XRD analysis.
As for region (ii), a significant ionic conductivity was recorded with a maximum value of 1.91 × 10 −3 S cm −1 with standard deviation value is 8.38 × 10 −4 upon the addition of 6 wt.% glycerol to the CMC-NH 4 Br system which is in agreement with our earlier works on as non-plasticized CMC-NH 4 Br complexes system [35] . The increase of ionic conductivity towards the optimum value can be described in the way that as the glycerol composition increases; higher content of plasticizer would open up the narrow rivulets of plasticizer-rich phase for greater ionic transport and large free volume of relatively superior conducting phase [64, 65] . A new pathway for ions is created upon the addition of plasticizer into polymer-salt complexes, as demonstrated in the FTIR analysis. H + from NH 4 + travels effortlessly at CMC since the sample in the amorphous region [66] [67] [68] consequently, increasing the ionic conductivity to an optimum value. This observation is also associated with the higher capacitance value for sample G6 as observed from the theoretical simulation. The higher ionic conductivity achieved of Fig. 9 Temperature-conductivity dependence of SBEs system Fig. 8 Ionic conductivity at room temperature plasticized CMC-NH 4 Br SBEs system is comparable with other reported polymer electrolytes system as well as its application on electrochemical devices [69, 70] . Nonetheless, it is worth noting that as the amount of glycerol is increased beyond 6 wt.%, the ionic conductivity of the SBEs system decreases. This may occur due to the formation of on cluster and the aggregation of the ions, which decreases the transport charge carriers which will be further discussed in the transport properties analysis [71, 72] .
The temperature dependence of ionic conductivity for various plasticized CMC-NH 4 Br SBEs system is shown in Fig. 9 . In this present work, it could be observed that the ionic conductivity increases as the temperature is increased [73] [74] [75] . Since the SBEs system is in the amorphous state, the utilization of glycerol as plasticizer would contribute to the increase in the ionic conductivity by making the sample more amorphous when the sample is heated up [76, 77] . The regression value that is close to unity (~1) indicates the plasticized CMC SBEs behaves linearly and obeys the Arrhenius rule.
From the temperature dependence plot, the activation energy E a can be attained from the slope of the plot. The activation energy, E a of the samples can be calculated using Arrhenius relation:
Where σ o is pre-exponential factor, k is Boltzman constant and T is temperature in Kelvin. Figure 10 illustrates the activation energy of SBEs system. It can be observed that the activation energy, E a reduces with the addition of 2-6 wt.% of glycerol with the exception for sample G4, while the activation energy increases beyond G6. The increasing of E a value for sample G4 may be due to the increase in number of ions where more ions (H + ) were dissociate from N-H 4 + substructure of NH 4 Br when glycerol was added which lead to create more free ions that are difficult to associate with CMC group easily; therefore, extra energy is needed in order to migrate. It is expected to affect the mobility of ions to hopping from site to another. In the present work, it is evident that sample G6, containing 6 wt.% glycerol, possesses the lowest activation energy. This may occur due to its high ionic conductivity in plasticizer system, which requires lesser energy to migrate the higher volume of number ions (H + ) to associate with the CMC backbone.
Ionic transport properties Figure 11 shows the FTIR deconvolution of various samples for SBEs system. The region between 1100 and 1000 cm −1 is taken and highlighted since the complexation was found between these regions as proven from the obvious changes of the peak in the FTIR analysis. By using Eq. (3), the free ions which correspond to H + can be calculated. The free ions of the present system were tabulated in Table 4 . The table indicates that the percentage of free ions increases as the glycerol is added and this phenomenon is due to the increase of ion dissociation between H + substructures of NH 4 + , which causes the more ion conduction that would lead to the enhancement of the ionic conductivity as discussed earlier. Based on the parameter in Table 4 , the number of ions, η, mobility of ions, μ and diffusion coefficient, D can be calculated and presented in Fig. 12 .
Based on Fig. 12 , it can be seen that the numbers of ions (ƞ) are increased with the addition of glycerol in CMC-NH 4 Br SBEs system for all samples, while the mobility of ions (μ) and the diffusion coefficient (D) are governed by the ionic conductivity pattern. In present system, the ƞ values clearly reveals that it does not expressively contribute to the ionic conductivity tabulation beyond the addition of 6 wt.% glycerol in comparison to μ and D. The continuous increase of ƞ values with the increasing amount of glycerol disclose that the present system is over-crowded with more ions (H + ) released and requires a significant amount of activation energy, E a for migration. This would eventually lead to slow down the process of protonation in the SBEs system and have the tendency to form ion cluster as explained earlier. The decrease in μ, D, and also the ionic conductivity at higher composition is primarily due to difficulty of the ions to move in CMC-NH 4 Br complexes [78, 79] .
Conclusion
In this present work, solid biopolymer electrolytes (SBEs) based on CMC-NH 4 Br complexes have been prepared through the addition of glycerol using solution-casting techniques. FTIR spectroscopy provided considerable insight into the enhancement interaction between CMC and NH 4 Br when glycerol was added. It was demonstrated that due to protonation, there is a strong contribution of hydrogen bonding with regards to its coordination interaction of H + to the C=O and C-O − moieties of carboxyl anion group in CMC. The highest room temperature ionic conductivity of the SBEs system is observed at 3.89 (±0.01) × 10 −3 S cm −1 for a sample containing 20 wt.% of NH 4 Br. It was further shown from the XRD analysis that the aforementioned composition exhibits the most amorphous sample. The highest conductivity at room temperature was recorded for the CMC-NH 4 Br SBEs system upon the addition of 6 wt.% of glycerol with an improvement from 10 −4 S cm −1 to 1.91 × 10 −3 S cm −1
. The improvement observed is primarily due to its amorphous state as well as highest capacitance value examined by XRD and ionic conductivity analyses. The ionic conductivity of plasticized Fig. 12 The transport parameters of the CMC-NH 4 Br-Glycerol SBEs system CMC-NH 4 Br SBEs system is observed to be governed by the mobility of ions and diffusion coefficient properties. The increased number of mobile ions was evaluated through the deconvolution technique. These results obtained further suggest that the enhancement of conduction properties of CMC-NH 4 Br through the addition of glycerol can be a potential candidate for application in electrochemical devices.
